Since the factors that influence microstructure formation are extensive (e.g., alloy composition, heat treatment condition, etc.), quite a lot of experimental trial-and-error is often necessary when searching for the best combination of desired microstructure and material properties, even when the basic mechanism of microstructure formation is understood. During the last decade, the phase-field method has emerged across many fields in materials science as a powerful tool to simulate and predict complex microstructure evolution. Since phase-field methodology can model complex microstructure changes quantitatively, it is possible to search for the most desirable microstructure by using this method as a design simulation, i.e., through computer trial-and-error testing. In order to establish this methodology, first of all, quantitative modeling of complex microstructure changes using the phase-field method is required. The objective of this study is to model the FePt nano-granular structure formation and the order-disorder phase transition of FePt nano-particles as a typical example of phase-field modeling. We show that it is possible to model FePt nano-granular structure formation quantitatively using the phase-field method. This modeling method may also be applicable to various types of granular structure formation. The simulation result also suggests that there is a size dependence on the ordering of FePt nano-particles. Using the phase-field method to model the microstructure evolutions proved to be a very effective strategy in predicting and analyzing the complex microstructure formation.
Introduction
Since the factors that influence microstructure formation are extensive (e.g., alloy composition, heat treatment condition, etc.), quite a lot of experimental trial-and-error is often necessary when searching for the best combination of desired microstructure and material properties, even when the basic mechanism of microstructure formation is understood. During the last decade, the phase-field method [1] [2] [3] [4] [5] has emerged across many fields in materials science as a powerful tool to simulate and predict complex microstructure evolution, (e.g., dendrite growth, spinodal decomposition, Ostwald ripening, crystal growth, recrystallization, martensitic transformation, dislocation dynamics, electromigration, crack propagation, and so on). Since phase-field methodology can model complex microstructural changes quantitatively, it is possible to search for the most desirable microstructure by using this method as a design simulation, i.e., through computer trial-and-error testing. Therefore, the most effective strategy for developing advanced materials is as follows: First, we elucidate the mechanism of microstructure changes experimentally, and then modeling the microstructure evolutions using the phase-field method based on the experimental results, and finally we search for the most desirable microstructure while simultaneously considering both the simulation and experimental data. In order to carry out this methodology, the flexible quantitative modeling method for complex microstructure changes using the phase-field method must first be established. For simplicity, ''modeling of microstructure changes using the phase-field method'' will be referred to as ''phase-field modeling'' throughout the rest of this paper. Phase-field modeling, from a practical viewpoint, is aimed at decreasing the frequency of experimental trial-and-error testing as much as possible through modeling and computer simulations.
In this study, as a typical example of phase-field modeling, we propose a model for FePt nano-granular microstructure formation during sputtering and the order-disorder phase transition of FePt nano-particles in nano-granular thin film during subsequent annealing. 6, 7) The FePt nano-granular structure is considered to be a candidate for the next generation of high-density recording media due to its large magneto-crystalline anisotropy.
The phase-field method has been developed extensively in the field of materials science, and has come to be used in two different ways. One is the phase-field method used for simulation techniques on interface dynamics, e.g., where solidification process occurs, and the other is the continuum field model describing order parameters for temporal and spatial development during phase transformations. In this study, the latter definition of phase-field is used. We propose a modeling method for microstructure changes in FePt nanogranular thin films based on phase-field modeling.
Phase-Field Method
The phase-field method is explained below. Details of this method will be obtained from Refs. 1)-5). In general, the phase-field method is a computer simulation method for calculating the dynamics of temporal microstructure changes by solving the continuum non-linear evolution equations defined by eqs. (1) and (2) . These equations include the dynamic coupling terms for the order parameters of time variation. ðr; tÞ; Tg are the coupling coefficients. These are often assumed to a constant, or set to 0 when dynamic feedback between order parameters is ignored. In this simulation, we don't consider these dynamical feedback terms. This coupling term should be introduced only when a highly complex microstructural morphology is formed considerably far from equilibrium, e.g., dendrite growth, fractal pattern formation, etc.
G sys is the total free energy of the microstructure, which is defined by the sum of the chemical free energy G c , the interfacial energy E surf , and the elastic strain energy E str , so that the functional G sys is written as: Since G c , E surf , and E str are expressed as a function of order parameters, c i ðr; tÞ and s j ðr; tÞ, these parameters interact with each other through the total free energy during microstructure changes in the computer simulation. Moreover, these variables interact dynamically when the dynamic coupling term is considered.
Modeling of Microstructure Changes in FePt NanoGranular Thin Films

Formulation of total free energy
The desired microstructure change for the phase-field modeling in this study is to have the FePt nano-granular structure where the FePt nano-particles are distributed in aAl 2 O 3 (amorphous alumina), produced by sputtering process. According to experimental results obtained by Watanabe 6) and Ping et al., 7) the features of FePt nano-granular structure are as follows: (1) Three phases have been identified experimentally, i.e., the a-Al 2 O 3 phase, disordered FePt phase (A1), and ordered FePt phase (L1 0 ). (2) Since the as-sputtered FePt nano-granular structure shows the morphology of a two-phase mixture containing a-Al 2 O 3 and the disordered FePt (A1), the phase separated state, i.e., a-Al 2 O 3 phase + FePt phase is more stable than forming a solid solution. (3) The FePt phase is in its disordered state (A1) in the assputtered film, and order-disorder phase transition from A1 to L1 0 takes place in the FePt phase during subsequent thermal treatment.
In this study, we attempt to model these microstructure changes using phase-field modeling. Since phase-field modeling deals with the design of real microstructure changes quantitatively, several physically unclear assumptions have occasionally been adopted. Although there may be several insufficient parts in this model, for practical engineering applications, we believe this methodology will be useful for actual materials research and development.
In order to describe temporal changes of microstructure, the order parameter FePt ðr; tÞð0 FePt 1Þ, the probability of finding the FePt phase at time t and position r, and the degree of order sðr; tÞ of the FePt(L1 0 ) phase are employed as phase-field variables. The value sðr; tÞ is normalized by the maximum equilibrium value of degree of order determined by the FePt composition and temperature, so that the range of sðr; tÞ is set between (0 jsj 1). According to the initial assputtered stage experimental evidence, some amount of Fe and Pt elements are dissolved in the a-Al 2 O 3 phase, and the volume fraction of FePt phase increases during aging. Therefore the concentrations of Fe and Pt can also be employed as order parameters. However, to make the present simulation model simpler we assume that all of the Fe and Pt atoms are contained in the FePt phase and the composition of FePt particles is constant.
The total free energy function is evaluated by utilizing the defined order parameters. Thermodynamic data which obtained from a thermodynamic database of Fe-Pt phase diagram is the Gibbs energies of disordered FePt phase (A1), G (4) and (5), the chemical free energy of the system is expressed as:
where s is the L1 0 ordering parameter, and the function hðsÞ is defined by hðsÞ s 2 ð3 À 2s 2 =jsjÞ. 1,4) W A1-L1 0 is the energy barrier term for the order-disorder phase transition, and we assume W A1-L1 0 ¼ 0. In order to make the equations simpler, the standard reference energy level, i.e., the segregation limit of the chemical free energy, is shifted to ð1 À FePt ÞG [1] [2] [3] [4] [5] at the interface between the aAl 2 O 3 and FePt phases is calculated by
where the gradient energy coefficients and s are constants. The elastic strain energy is assumed to be 0, because, in the present case, the elastic constraint can be ignored.
In the next section, we will explain how to evaluate the unknown constants, i.e., ÁG , then a phenomenological requirement that the a-Al 2 O 3 phase does not change during ordering of the FePt phase is satisfied automatically.
The value of W Al 2 O 3 -A1 is estimated by the morphological microstructure data for the as-sputtered film that was experimentally obtained. 6, 7) First of all, the two-phase granular structure in the as-sputtered film is considered to be the result of spinodal decomposition on the chemical free energy curve described by the phase-field variables. In the phase-field methodology, since the chemical free energy curves with a different crystal structure are connected to each other using phase-field variables, the mechanism of spinodal decomposition is applicable for all phase separation even if the crystal structure is different. In this case, this phase separation is regarded as the spinodal decomposition from the gaseous solution phase to the two-phase solid state of aAl 2 O 3 and FePt, and the trajectory of the chemical free energy during the phase decomposition is assumed to be located on the chemical free energy curve of eq. (7). From the spinodal theory, 10, 11) we have eq. (11).
The preferential wave number k c is defined by k c 2= c , where c is the preferential wavelength of the spinodal decomposition for the FePt field. In addition, when the shape of the FePt profile across the a-Al 2 O 3 /FePt interface possesses a stable profile shape with local equilibrium, eq. (12) is obtained.
where V m is the molar volume, and s is the interfacial energy density at the a-Al 2 O 3 /FePt interface. Substituting eq. (12) into eq. (11), we get
The experimental value of s is available 12) (see Table 1 ), and according to the experimental results obtained by Watanabe 6) et al., FePt ¼ 0:4 and c ¼ 4 (nm), so that W Al 2 O 3 -A1 ¼ 1:30 Â 10 5 (J/mol), and using this, the value of is calculated from eq. (12) . The molar volume of the FePt(L1 0 ) phase was used for V m .
The gradient energy coefficient s is determined by using the experiment data d APB , the width of anti-phase boundary (APB) in the L1 0 FePt ordered phase. When the order parameter profile of s across the anti-phase boundary has a stable shape, the condition
is satisfied. 10) Experimental observations by Watanabe et al. 6) indicates that d APB ¼ 1:38 Â 10 À9 (m), then the value of s is s ¼ 1:07 Â 10 À15 (JÁm 2 /mol) for Fe-45 at%Pt (at 923 K). Numerical values used for the calculation are summarized in Table 1 . Figure 1 is the chemical free energy curve for eq. (9). It is easy to visualize the path of phase decomposition during sputtering and the order-disorder phase transition of FePt phase by using this free energy surface. The initial state of the gaseous solution phase corresponds to the energy level denoted by (A). The path of phase decomposition during sputtering is indicated by the arrows pointing away from (A). The arrow in the direction of (B) corresponds to the path of the order-disorder phase transition in the FePt phase during subsequent heat treatment. proceeds and the FePt phase becomes coarser. We observed that the ordering speed of the smaller sized particles was delayed, refer to the left arrow in Fig. 2(e) . The anti-phase boundary is also seen in the FePt particle, refer to the right arrow in Fig. 2(e) . It is interesting to note that the degree of ordering decreases as the particle size becomes smaller, refer to arrow in Fig. 2(g ). This size dependant FePt phase ordering has already been observed experimentally by Takahashi et al. 13) These microstructure changes agree well with the FePt nano-granular structure formation experimentally observed. 6, 7) Since the simulation shown in Fig. 2 is the result of phasefield modeling constructed from experimental data, it is not surprising that the result calculated quantitatively reproduces the experimental microstructure. However, a characteristic of phase-field modeling is that once we construct the phase-field model for a specific case such as in Fig. 2 , other microstructure changes are easily calculated without the need for experimentation. The boundary conditions need only be changed slightly. For example, Fig. 3 shows the result for the volume fraction of FePt phase set to 60%. We can see from the figure that the FePt phase forms a matrix when compared with that of Fig. 2 . The microstructure change in Fig. 3 shows good agreement with the experimental results by Ping et al.
Results of the Phase-Field Simulation
7)
Moreover, the calculation time required to finish the simulation took only a few minutes on a standard personal computer (1 GHz CPU or greater). Therefore, it is easy to carry out trial-and-error testing for various microstructure formations on a personal computer by changing the boundary conditions. This modeling method can also be applied to various types of granular structural formations.
Finally we would like to emphasize that the microstructure's morphological shape is quantitatively obtained using phase-field modeling, therefore, it is also possible to calculate magnetic properties, i.e., magnetic hysteresis, based on the micromagnetics 14) simulation by using the calculated microstructure data as boundary conditions.
Conclusions
We attempted to model the complex microstructural changes found in FePt nano-granular structure formation and the order-disorder phase transition of FePt nano-particle using the phase-field method. The results obtained are as follows:
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